Introduction {#s1}
============

I was very honored to deliver the Edwin Bierman Award Lecture at the 74th Scientific Sessions of the American Diabetes Association in San Francisco in 2014. Dr. Bierman was one of the outstanding scientists and mentors at the University of Washington, who greatly contributed not only to the fields of diabetes, obesity, dyslipidemia, and atherosclerosis but also to the exceptional scientific environment at the university and beyond.

Research in my laboratory has been devoted to the discovery of mechanisms behind macrovascular complications of diabetes. By taking advantage of new genetically engineered mouse models, we are now at the exciting stage at which some of the mechanisms discovered in mouse models can be studied in human subjects and vice versa.

This Perspective will cover the 2014 Edwin Bierman Award Lecture "Uncomplicating the Macrovascular Complications of Diabetes," entitled so because of the ability of mouse models to ask targeted mechanistic questions related to the specific stages of the atherosclerotic lesions and to inquire about cell type--specific roles and effects in mediating the effects of diabetes on atherosclerosis. By dissecting the effects of diabetes on macrovascular complications into smaller questions that can be addressed in mice, we are beginning to understand which cell types might be particularly sensitive to hyperglycemia in vivo, that lipids are required, and that myeloid cells play key roles in all stages of atherosclerosis affected by diabetes. Combined with well-planned human studies, mouse models will likely provide important mechanistic insight into diabetic macrovascular complications and reveal new potential treatment and prevention strategies that will be needed in order to avert the expected increase in macrovascular complications as our population with diabetes grows.

Diabetes Promotes Formation of Early Lesions of Atherosclerosis and Progression to Advanced Lesions and Hinders Regression of Atherosclerosis by Stimulating Myeloid Cell Recruitment Into the Artery Wall {#s2}
==========================================================================================================================================================================================================

Both type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are associated with an increased risk of cardiovascular disease (CVD) due primarily to worsened atherosclerosis ([@B1]--[@B6]). Recent encouraging trends have suggested that CVD is on the decline in subjects with T1DM and T2DM, perhaps due to improved glycemic control and/or statin use ([@B7]). A similar reduction in CVD risk has occurred in subjects without diabetes. However, diabetes continues to be associated with a twofold or higher CVD risk as compared with the general population ([@B4],[@B7]) and to be a major health issue in subjects with either T1DM or T2DM. The CVD risk in premenopausal women with diabetes is especially high as compared with women without diabetes. Research on the mechanisms responsible for the increased CVD associated with T1DM and T2DM therefore remains a high priority, especially because T2DM is on the rise worldwide.

Lesions of atherosclerosis in susceptible arteries start as accumulations of macrophage foam cells and other immune cells in areas of intimal thickening in humans. These "fatty streak" lesions can be seen in very young children and are believed to be reversible ([@B8]). As the lesion progresses, smooth muscle cells become activated and form a fibrous cap covering the fatty streak lesion. Macrophages in the central areas of the lesion undergo apoptosis and death, and as a result, the lesion becomes less stable. Rupture or fissuring of such unstable lesions, followed by thrombosis, are believed to be responsible for most cardiovascular events ([@B8]). Data on atherosclerotic lesion morphology in humans with T1DM and T2DM are sparse and are currently limited to small studies. For example, it is unknown if the initiating event in lesion formation in subjects with diabetes is an increased lipoprotein trapping in the artery wall ([@B9],[@B10]) or if the initiating insult is due to endothelial cell activation and increased expression of adhesion molecules due to systemic low-grade inflammation or hyperglycemia, for example. Overall, gross lesion morphology appears to be similar in subjects with and without diabetes ([@B11]). Postmortem studies on subjects who suffered sudden coronary death have suggested that lesions in subjects with T1DM and T2DM have larger necrotic cores relative to total lesion area as compared with lesions in individuals without diabetes and that macrophages and T cells are more frequent in lesions from individuals with diabetes ([@B12]). As necrotic cores are believed to be caused primarily by the death of lesion macrophages, these studies support the hypothesis that both T1DM and T2DM promote atherosclerotic lesions that contain a larger fraction of immune cells relative to other lesion components.

How do these findings on human arteries correlate with findings in mouse models of diabetes-exacerbated atherosclerosis? One important hurdle to overcome when developing mouse models of diabetes-accelerated atherosclerosis was that induction of diabetes in mice often leads to severe hypercholesterolemia and hypertriglyceridemia as compared with nondiabetic controls. The hypertriglyceridemia in diabetic mice is primarily due to reduced peripheral lipolysis by lipoprotein lipase and is likely to be due to reduced insulin action ([@B13]). Because hyperlipidemia is such a strong promoter of atherosclerosis, diabetes-induced hyperlipidemia makes it difficult to study the effects of diabetes per se on the artery wall. The first study to demonstrate that diabetes promotes atherosclerosis in mice even in the absence of significant changes in plasma lipid levels was conducted by Renee LeBoeuf's group in the 1990s ([@B14]). In this study, BALB/c mice made diabetic using multiple low-dose injections of the β-cell toxin streptozotocin (STZ) were fed a high-fat diet. The diabetic mice developed small atherosclerotic lesions in the aortic sinus without marked changes in plasma lipid levels as compared with their nondiabetic controls fed the same diet.

Another model of diabetes-induced atherosclerosis that more closely resembles T1DM and that exhibits lesions in the aorta and brachiocephalic artery as well as the aortic sinus was developed several years later ([@B15]). In this model, LDL receptor--deficient mice (*Ldlr^−/−^* mice) were crossed with mice that express a viral glycoprotein transgene under control of the rat insulin promoter. These mice develop insulitis followed by β-cell loss and diabetes when infected with lymphocytic choriomeningitis virus (LCMV), due primarily to CD8^+^ T-cell infiltration of the islets ([@B15],[@B16]). The diabetic mice become hyperglycemic and exhibit elevated levels of glycated hemoglobin, and they require exogenous insulin treatment to avoid weight loss and ketonuria ([@B15]). Indeed, the loss of β-cells in this model is almost complete, and it has been shown that these mice develop autoantibodies to glutamic acid decarboxylase ([@B17]), thus resembling human T1DM. In this model of diabetes-accelerated atherosclerosis, diabetic mice exhibit accelerated formation of early fatty streak lesions ([@B15],[@B18]), as well as progression to advanced lesions characterized by intraplaque hemorrhage in the absence of significant diabetes-induced hyperlipidemia ([@B15],[@B19]), as shown in [Fig. 1*A* and *B*](#F1){ref-type="fig"}. The effect of diabetes on lesion progression is independent of the effects on lesion initiation, but also affects lesion areas containing macrophages ([@B19]).

![Diabetes promotes atherosclerotic lesion initiation and progression and inhibits lesion regression. *A*: Diabetes promotes early atherosclerotic lesion formation by stimulating monocyte recruitment to the artery wall. This is likely to be due partly to an increased inflammatory phenotype of myeloid cells dependent on ACSL1 induction and partly to increased expression of adhesion molecules and chemokines by endothelial cells. The accumulation of macrophages is lipid dependent. It is still not known if lesion initiation is dependent on hyperglycemia or other factors associated with the diabetic environment. *B*: Diabetes promotes progression of lesions of atherosclerosis to advanced lesions characterized by intraplaque hemorrhage. This effect of diabetes can be prevented by aggressive lipid lowering, even in the presence of severe hyperglycemia. *C*: Diabetes prevents effective lesion regression in response to lipid lowering. This effect of diabetes is due to maintained recruitment of monocytes into lesions under conditions at which these cells leave the lesions in nondiabetic mice. The maintained accumulation of macrophages in diabetic regression models is dependent on hyperglycemia, which promotes myelopoiesis, an inflammatory lesion macrophage phenotype, and miR-33--mediated reduction of the cholesterol exporter ABCA1. *A* is modified and reproduced with permission from Renard et al. ([@B15]). *B* is reproduced with permission from Johansson et al. ([@B19]). SGLT2i, SGLT2 inhibitor.](db141963f1){#F1}

Other mouse models of diabetes have shown similar results on atherosclerosis ([@B20]). In addition, the virally induced model exhibits loss of sympathetic neurons in the pancreas during the autoimmune attack ([@B21]), similar to what occurs in humans. This model therefore exhibits at least two different complications of diabetes. Other advantages of this virally induced model of diabetes-accelerated atherosclerosis is that diabetes can be induced at will by LCMV injection and that littermates lacking the glycoprotein transgene can be used as LCMV-injected controls that do not develop diabetes.

The third stage of atherosclerosis negatively affected by diabetes is lesion regression in response to aggressive lipid lowering ([Fig. 1*C*](#F1){ref-type="fig"}). Thus, in two diabetes mouse models, the STZ model and the Akita model, diabetes prevents efficient lesion regression by promoting monocyte recruitment into regressing lesions, whereas under nondiabetic conditions, new monocytes do not enter regressing lesions to the same extent ([@B22],[@B23]). The STZ and Akita models of diabetes exhibit hyperglycemia and in this respect are reflective of both T1DM and T2DM. They are not ideal models of human T1DM or T2DM, although some studies suggest that a low-dose STZ protocol of diabetes induction results in generation of autoantibodies ([@B24]). There is currently no good mouse model of T2DM-accelerated atherosclerosis. An atherosclerotic mouse model with T2DM, characterized by β-cell dysfunction, hyperglycemia, insulin resistance, and lipid levels in the moderate (300--500 mg/dL) range is greatly needed to advance the field. Of the mouse models analyzed to date, the virally induced transgenic model most closely resembles T1DM in humans ([@B16]).

Together, the careful analyses of different stages of atherosclerosis in these mouse models have demonstrated that diabetes promotes three different phases of atherosclerosis without significant changes in plasma lipid levels and that the effects of diabetes are associated with increased recruitment and/or activation of myeloid cells. However, it is important to bear in mind that the presence of atherogenic lipoproteins is required in all animal studies for diabetes to promote atherosclerosis. These findings appear to be consistent with the human postmortem data ([@B12]) discussed above.

Diabetes Is Associated With Increased Myeloid Cell Activation {#s3}
=============================================================

Many human studies have demonstrated that T1DM and T2DM are associated with increased systemic inflammation ([@B25]--[@B27]). The term inflammation is often used to mean that various cytokines and other inflammatory biomarkers are elevated in plasma. Thus, plasma interleukin 6 (IL-6) and monocyte chemoattractant protein 1 (CCL2) are often elevated in subjects with T2DM and have been shown to be predictive risk factors for cardiovascular events and death in subjects with T2DM ([@B25]) or overweight/obese subjects ([@B28]). Other inflammatory mediators elevated in plasma in T2DM subjects include the chemokines CXCL1, CXCL10 ([@B26]), and CX3CL1 ([@B29]). Plasma chemokines and cytokines are derived partly from immune cells. Thus, IL-6 release is elevated from CD14^+^ monocytes isolated from subjects with T1DM as compared with control subjects ([@B30]). Furthermore, studies have identified many cytokines and inflammatory mediators as being elevated in peripheral blood mononuclear cells from subjects with T1DM, including IL-6, IL-1β, genes in the IL-1β pathway, and genes involved in eicosanoid production ([@B31]--[@B33]). However, there is a plethora of proinflammatory pathways that act in different tissues and cell types, and these pathways are likely to have different effects on circulating cells, on lesion cells, and even on different stages of atherosclerosis. Adipose tissue and liver inflammation associated with accumulation of leukocytes in these tissues in the metabolic syndrome/obesity or T2DM ([@B34]) are likely to affect the artery wall through indirect mechanisms, whereas increased activation of leukocytes in lesions of atherosclerosis can have more direct autocrine or paracrine effects.

What is the role of the increased inflammatory mediators in CVD associated with diabetes in humans? Two clinical trials designed to test the role of inflammatory pathways in CVD in subjects with and without T2DM are ongoing, and a third trial has been recently terminated.

The Cardiovascular Inflammation Reduction Trial (CIRT) is a randomized clinical trial investigating whether low-dose methotrexate treatment reduces heart attacks, strokes, or death in people with T2DM or metabolic syndrome who have already had a myocardial infarction or multiple coronary blockages. The study compares methotrexate (5--20 mg weekly), a drug currently in use for the treatment of arthritis and other rheumatic conditions, to placebo ([@B35],[@B36]). The mechanisms of action of methotrexate to suppress inflammatory processes are complex and not fully understood but are believed to involve the release of adenosine and inhibition of polyamines ([@B37]). This clinical trial aims to recruit 7,000 individuals and has an estimated completion date in 2018.

The other ongoing clinical trial, Cardiovascular Risk Reduction Study (Reduction in Recurrent Major CV Disease Events), also known as CANTOS, will test the hypothesis that treatment with canakinumab (a human monoclonal anti-human IL-1β antibody, already used in the treatment of some autoimmune diseases) of patients with myocardial infarction at least 1 month prior to study entry and elevated C-reactive protein (as a marker of inflammation) will prevent recurrent cardiovascular events. The expected enrollment is 10,000 subjects with and without T2DM ([@B38]). This trial has an estimated completion date in the spring of 2017. Although this study contains subjects with T2DM, the primary outcome measure in these T2DM subjects is insulin secretion rate. However, the T2DM subjects are part of the main study with the primary outcome of major adverse cardiovascular event (cardiovascular death, nonfatal myocardial infarction, and stroke). A confounding factor might be that if canakinumab improves HbA~1c~ levels, as has been suggested by a study on T2DM subjects treated with canakinumab as an add-on to metformin ([@B39]), the improvement in cardiovascular outcomes in these subjects might be due partly to improved glycemic control.

A third study, which included some subjects with T2DM, on the effect of a nonspecific secretory phospholipase A~2~ (sPLA~2~) inhibitor (varespladib) on CVD was terminated in 2012 ([@B40]). This study demonstrated no protective effect on a composite of cardiovascular mortality, nonfatal myocardial infarction, nonfatal stroke, and unstable angina ([@B40]). The effects of sPLA~2~ inhibitors are likely to be complex because of the large number of sPLA~2~ isoforms and multiple effects of these enzymes on downstream eicosanoids. In this context, it is interesting to note that the risk of CVD is increased across a range of chronic inflammatory disorders and that the cardiovascular risk is associated with severity of inflammation ([@B41]).

The outcomes of the CIRT and CANTOS trials will therefore be very informative. Furthermore, testing the effect of anti-inflammatory therapies in subjects with T1DM would be of great interest. However, because of the many diverse inflammatory pathways and mechanisms, it is possible that more targeted treatment strategies have to be developed in order to minimize side effects and effectively prevent diabetes-induced inflammation without hindering the ability of treated patients to respond to infection.

Mouse models might provide important mechanistic insight into this area. How does diabetes promote inflammatory properties of myeloid cells in mouse models? Elegant studies demonstrate that diabetes is associated with increased myelopoiesis in mouse models of atherosclerotic lesion regression ([@B23]). These studies identified the damage-associated molecular pattern molecules S100A8 and S100A9 in neutrophils and their interaction with the receptor for advanced glycation end products as mediators of myelopoiesis associated with diabetes. It is therefore possible that diabetes results in activation of neutrophils and subsequent myelopoiesis and increased levels of circulating monocytes with an inflammatory phenotype. Increased plasma S100A8/S100A9 levels and gene expression in peripheral blood mononuclear cells have been identified in subjects with T1DM ([@B42],[@B43]) and T2DM ([@B44]), and these proteins are also significantly associated with CVD in subjects with T1DM ([@B23]) as well as in subjects without diabetes ([@B45]). The usefulness of S100A8 and S100A9 inhibitors as therapeutic targets is still unknown and is complicated by the fact that these proteins exert proinflammatory effects in dendritic cells ([@B46]).

Another marker and mediator of the inflammatory phenotype of myeloid cells associated with T1DM is the enzyme acyl-CoA synthetase 1 (ACSL1). ACSL1 catalyzes the linking of acyl-CoA moieties to free fatty acids, thus enabling fatty acids to enter many different fates in the cells. ACSL1 is induced in myeloid cells in diabetic mice and in CD14^+^ monocytes in a small cohort of human subjects with T1DM as compared with control subjects ([@B47]). Myeloid cell--targeted ACSL1 deficiency protected macrophages and monocytes from the inflammatory effects of diabetes and *Ldlr^−/−^* mice from virally induced diabetes-mediated atherogenesis ([@B47]). Interestingly, myeloid cell ACSL1 deficiency had no effect on inflammation or atherosclerosis in nondiabetic mice, suggesting that its induction in diabetes is part of an inflammatory pathway stimulated by diabetes.

ACSL1 is induced by several inflammatory ligands in myeloid cells, such as lipopolysaccharide, Gram negative bacteria, interferon-γ, and tumor necrosis factor-α, but not by peroxisome proliferator--activated receptor (PPAR)-α and -γ agonists ([@B48],[@B49]), in contrast to adipose tissue, liver, and heart in which ACSL1 is a PPAR target gene ([@B50]--[@B52]). This important difference in the regulation of ACSL1 might indicate divergent functions of ACSL1 in most tissues as compared with myeloid cells. Indeed, whereas ACSL1 has important functions in mediating the fatty acid oxidation in adipose tissue, liver, and heart ([@B53]--[@B55]), it does not have the same role in inflammatory myeloid cells ([@B47]), which rely heavily on glycolysis for energy.

Furthermore, ACSL1 has emerged as a marker of a "metabolically activated" macrophage phenotype. In a recent study by Kratz et al. ([@B56]), ACSL1 was induced in adipose tissue macrophages from fat-fed mice, concomitant with induction of inflammatory mediators. Plasma membrane--associated ACSL1 was also induced in metabolically activated macrophages exposed to high levels of palmitate, glucose, and insulin in vitro ([@B56]). Other cell surface proteins induced in these macrophages were the cholesterol export protein ABCA1, the fatty acid transporter CD36, and perilipin-2, a protein that coats intracellular lipid droplets. Furthermore, ACSL1 is induced in thioglycollate-elicited macrophages by fat feeding in C57Bl/6 (*Ldlr^+/+^*) mice, but not in macrophages from *Ldlr^−/−^* mice fed the same diet ([@B57]). Macrophages from fat-fed *Ldlr^−/−^* mice are much more lipid loaded than macrophages from fat-fed C57Bl/6 mice; macrophages from *Ldlr^−/−^* mice had a fourfold increase in total cholesterol and increases in almost all major lipid classes as compared with macrophages from C57Bl/6 mice fed the same diet ([@B57]).

Thus, it is unlikely that ACSL1 induction is merely a reflection of myeloid cell lipid loading. Instead, it is possible that ACSL1 induction in myeloid cells in the diabetic environment is a marker and mediator of metabolically activated myeloid cells. Another interesting possibility is that ACSL1 might be translocated to the plasma membrane in activated macrophages ([@B47],[@B56]), where it might act on distinct pools of fatty acids. The enzyme ACSL1 thus fits into the category of proteins involved in immunometabolism ([@B58]).

In further support of the important role of inflammatory pathway activation in diabetes-accelerated atherosclerosis in mice are recent studies on a cell-permeable peptide corresponding to the Janus kinase/STAT (signal transducer and activator of transcription) inhibitory region of the suppressor of cytokine signaling protein, which inhibits STAT 1 and 3. This peptide was demonstrated to impair both systemic inflammation, measured as levels of circulating Ly6C^hi^ monocytes and splenic expression of cytokines, and atherosclerosis in apolipoprotein E--deficient (*Apoe^−/−^*) STZ-diabetic mice without affecting metabolic parameters ([@B59]). These results further emphasize that inflammation plays an important role in diabetes-accelerated atherosclerosis, at least in mouse models. The clinical trials discussed above are likely to provide the first information on the role of inflammation in CVD associated with T2DM in humans.

Interplay Between Glucose and Lipids in Diabetes-Accelerated Atherosclerosis {#s4}
============================================================================

Improved metabolic control has long-term beneficial effects on cardiovascular events in young subjects with T1DM, and these protective effects correlate with improved HbA~1c~ levels ([@B60]). The effects of glucose-lowering on CVD associated with T2DM are less obvious ([@B61]). Blood glucose lowering by metformin reduced cardiovascular outcomes in overweight subjects with T2DM in the UK Prospective Diabetes Study as compared with diet treatment alone ([@B62]). It is unclear whether this effect was due to blood glucose lowering or to other potentially cardioprotective effects by metformin, such as direct effects on macrophages or the liver or other systemic, including lipid lowering, effects in subjects with T2DM ([@B63]--[@B67]). Several risk factors contribute to CVD, and whether hyperglycemia directly and universally contributes to CVD associated with diabetes is still a matter of debate.

Mouse models have demonstrated that hyperglycemia in the presence of atherogenic lipoproteins promotes certain aspects of diabetes-exacerbated atherosclerosis but that it is not sufficient to promote advanced atherosclerosis ([@B19],[@B68]). For example, treating diabetic mice with sodium--glucose cotransporter 2 (SGLT2) inhibitors to reduce blood glucose, without confounding effects of insulin on lipid metabolism and other parameters, has demonstrated reduced myelopoiesis, reduced S100A9 expression in neutrophils, reduced accumulation of monocytes in regressing lesions of atherosclerosis, and reduced expression of inflammatory cytokines in lesion macrophages ([@B23]). In another study, an SGLT2 inhibitor prevented systemic inflammation, measured as plasma levels of IL-6, tumor necrosis factor-α, and CCL2, in diabetic mice, as well as reduced plasma cholesterol and triglyceride levels ([@B69]). These effects are most likely due to the reduced glucose levels, although it is possible that secondary effects contribute to the beneficial effects. SGLT2 inhibitors are now approved for use in human subjects with T2DM, and it will be interesting to evaluate their effects on CVD.

If glucose indeed exacerbates atherosclerosis, what is the culprit cell type, what is the mechanism, and what is the interplay between glucose and lipids? Interestingly, hyperglycemia likely contributes to increased hepatic production of VLDL in human subjects ([@B70]), an effect that might be explained by the increased transcription of apolipoprotein CIII (APOC3) in response to glucose ([@B71]). There is strong emerging genetic evidence that loss-of-function mutations of *APOC3* in humans protect against CVD in subjects without diabetes ([@B72],[@B73]). Thus, hyperglycemia could contribute to increased VLDL levels and CVD by inducing APOC3 expression in the liver. Another recent example of interplay between glucose and lipids is provided by microRNA 33 (miR-33). Inhibition of miR-33 by an antisense oligonucleotide (anti--miR-33) prevented the detrimental effects of diabetes on lesion regression, monocytosis, monocyte recruitment to lesions, and the inflammatory lesion macrophage phenotype despite persistent hyperglycemia in mice treated with anti--miR-33 ([@B74]). Thus, all the effects of hyperglycemia in a similar model ([@B23]) were prevented by anti--miR-33.

In addition, anti--miR-33 treatment resulted in elevated HDL levels in diabetic mice, concomitant with increased hepatic expression of ABCA1, consistent with previous studies ([@B75]). Anti--miR-33 also restored the lower levels of ABCA1 in bone marrow progenitor cells in diabetic mice. Thus, anti--miR-33 is likely to act by increasing cholesterol efflux from bone marrow myeloid precursor cells and perhaps by raising HDL, which can have anti-inflammatory effects in myeloid cells ([@B76],[@B77]). On the other hand, anti--miR-33 did not affect macrophage expression of *Acsl1* ([@B74]), suggesting that miR-33 and ACSL1 act via different pathways.

Together, these findings suggest that the stimulatory effects of hyperglycemia on myelopoiesis can be prevented by stimulation of cholesterol efflux from bone marrow cells and/or perhaps by anti-inflammatory effects mediated by ABCA1 or HDL. In other mouse models, myelopoiesis is induced by fat feeding and adipose tissue inflammation through a mechanism independent of hyperglycemia ([@B78]). It is therefore possible that diabetes-induced myelopoiesis is, in part, lipid dependent.

We evaluated the effect of glucose flux in macrophages by a more direct and cell type--specific approach by knocking down the housekeeping glucose transporter GLUT1 by small interfering RNA and by overexpressing the same transporter in myeloid cells in vivo under control of the myeloid cell CD68 promoter ([@B79]). Knockdown of GLUT1 results in reduced glycolysis in these cells, whereas overexpression promotes glycolysis. GLUT1 and several other proteins involved in glycolysis and export of lactate are stimulated by inflammatory mediators in macrophages ([@B80]--[@B82]). Knockdown of glycolytic proteins or inhibition of glycolysis prevents the macrophage from mounting a full inflammatory response ([@B79],[@B82]--[@B84]). Downregulation of GLUT1 also prevents myelopoiesis in response to cholesterol loading in cells lacking the cholesterol export proteins ABCA1 and ABCG1 ([@B85]), hinting at another interesting connection between HDL and glucose metabolism in myeloid cells.

Conversely, a recent study demonstrated that overexpression of GLUT1 in a macrophage cell line is sufficient for increasing the inflammatory activation of these cells ([@B86]). Is it therefore possible that hyperglycemia promotes inflammation and atherosclerosis by stimulating glycolysis in myeloid cells? We addressed this question in *Ldlr^−/−^* mice with GLUT1 overexpression targeted to myeloid cells ([@B79]). However, we observed no effect on cytokine production by GLUT1-overexpressing myeloid cells, no myelopoiesis, and no increased atherosclerosis at three different arterial sites. Thus, increased glucose flux in myeloid cells is not sufficient to explain the effects of diabetes on these cells. It is likely that hyperglycemia affects other cell types involved in atherogenesis directly or indirectly. For example, the endothelial cell is likely to be sensitive to glucose and to express proatherosclerotic adhesion molecules and chemokines under hyperglycemic conditions, resulting in increased monocyte recruitment ([@B87]). Another possibility is that glucose produces a more atherogenic lipid profile by affecting the liver, as discussed above.

Increased oxidative stress in vascular cells is often put forward as a mechanism whereby hyperglycemia could exert proatherosclerotic effects. Indeed, lack of the enzyme glutathione peroxidase 1, which mediates peroxide breakdown and other antioxidant processes, accelerates atherosclerosis in diabetic *Apoe^−/−^* mice ([@B88]), whereas knockout of NADPH oxidase 1, involved in superoxide production, protects against atherosclerosis in diabetic *Apoe^−/−^* mice ([@B89]). Interestingly, overexpression or knockdown of glyoxalase 1, an enzyme that detoxifies reactive carbonyls, does not affect atherosclerosis in nondiabetic or diabetic *Apoe^−/−^* mice ([@B90],[@B91]). There is therefore evidence that reactive oxygen species and perhaps other oxidative processes contribute to atherosclerosis in diabetes. The cell type most vulnerable to oxidative stress is unknown, but the endothelial cell is again a strong contender. Other possible proatherosclerotic mediators of the effects of increased glucose include RAGE (the receptor for advanced glycation end products) ([@B92]--[@B94]) and protein kinase Cβ activation ([@B95]).

Thus, further studies are needed to gain a better understanding of the effects of glucose and hyperglycemia in cells involved in atherosclerosis in mouse models and in human subjects and the relative role of hyperglycemia, inflammation, and lipid abnormalities in CVD progression.

Finally, it is important to consider that hyperglycemia and elevated HbA~1c~ levels could be markers of CVD risk rather than glucose being a mediator. For example, improved HbA~1c~ levels are strongly associated with a long-term beneficial effect on kidney disease ([@B96]), which is, in turn, a significant risk factor for cardiovascular mortality ([@B97]). Moreover, hyperglycemia is due to reduced insulin action as well as insulin-independent hepatic glucose production ([@B98]). Reduced insulin action in vascular cells has been proposed to contribute to atherosclerosis in diabetes. For example, lack of insulin receptors in endothelial cells promotes atherosclerosis in *Apoe^−/−^* mice ([@B99]), whereas the lack of insulin receptors in myeloid cells has different effects depending on the mouse model ([@B100]--[@B102]). There are many other possible cardiovascular risk factors that could be associated with elevated HbA~1c~ levels in diabetes.

Conclusion and Future Perspective {#s5}
=================================

Have the mechanistic studies performed so far in genetically engineered mouse models combined with human studies "uncomplicated" the macrovascular complications of diabetes? First, these studies have shown us that diabetes exacerbates several major stages of atherosclerosis by activating myeloid cells. It is still unclear to what extent hyperglycemia directly exacerbates atherosclerosis, but mouse models have started to generate important mechanistic insight. Second, mouse studies have shown that there are important interactions between glucose metabolism in myeloid cells and HDL, fatty acids, and other lipids. The increased inflammation likely to play a part in driving CVD associated with both T1DM and T2DM could therefore be due to several factors associated with suboptimally maintained diabetes. These include altered HDL function; elevated triglycerides, which are a hallmark of T2DM and suboptimally controlled T1DM ([@B103],[@B104]); lack of insulin or reduced insulin action; and renal disease. In addition, factors that promote atherosclerosis in the population without diabetes, such as dyslipidemia, hypertension, and smoking, also enhance atherosclerosis in subjects with diabetes. It is possible that the relative contributions of various risk factors differ in CVD associated with T1DM versus T2DM ([@B6]) and that lipid abnormalities are relatively more important than glucose in T2DM ([@B105]). Thus, multipronged approaches or individualized treatment strategies are likely to be the way of the future in the treatment and prevention of macrovascular complications of diabetes.
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